conditions (5, 6). Moreover, it suggests that the prevailing view by which mechanisms associated with local resource competition best explain patterns in local plant diversity along resource gradients should be revisited (6). Our results do not imply that local resource factors and niches are unimportant in promoting local plant species coexistence within individual communities (31); rather, they suggest that such factors may not explain variation in plant diversity among communities. Our finding about the importance of environmental filtering and species pools in shaping local plant diversity patterns along resource gradients might also help to explain why studies find inconsistent responses of plant diversity to productivity (8).
SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/345/6204/1602/suppl/DC1 Materials and Methods Figs. S1 to S5 Lineage-specific stem cells are critical for the production and maintenance of specific cell types and tissues in multicellular organisms. In Arabidopsis, the initiation and proliferation of stomatal lineage cells is controlled by the basic helix-loop-helix transcription factor SPEECHLESS (SPCH). SPCH-driven asymmetric and self-renewing divisions allow flexibility in stomatal production and overall organ growth. How SPCH directs stomatal lineage cell behaviors, however, is unclear. Here, we improved the chromatin immunoprecipitation (ChIP) assay and profiled the genome-wide targets of Arabidopsis SPCH in vivo. We found that SPCH controls key regulators of cell fate and asymmetric cell divisions and modulates responsiveness to peptide and phytohormone-mediated intercellular communication. Our results delineate the molecular pathways that regulate an essential adult stem cell lineage in plants.
I n multicellular organisms, the need to generate and maintain diverse cell types and tissues is fulfilled by lineage-specific stem cells (1) . These stem cell lineages, active postembryonically, produce a defined set of cell types. Although the origins of these lineage-specific stem cells during development are largely obscure, master transcription factors are implicated in their specification in both animals and plants (1-3).
However, low expression levels and/or presence in a limited number of cells makes genome-wide study of these transcriptional regulators by standard chromatin immunoprecipitation (ChIP) assays, the most common technique for studying protein-DNA interactions, technically challenging.
Stomata are epidermal valves that mediate gas exchange between the plant and atmosphere. In Arabidopsis, stomatal guard cells are derived SCIENCE sciencemag.org 26 SEPTEMBER 2014 • VOL 345 ISSUE 6204 1605 Fig. 3 . Selected pairwise relationships between chronosequence stage, soil pH, species pool size, and local (rarefied) plant species richness. Increasing soil age (i.e., chronosequence stage) leads to an increase in plant species richness (A) and a decrease in soil pH (B). Declining soil pH leads to greater local plant species richness (C) and species pool sizes (D). Local plant species richness is greater with larger species pools (E). In (D), there are only six data points (i.e., one per chronosequence stage) because species pool size was estimated for each stage.
from an epidermal cell lineage (Fig. 1A) (4, 5) . Two populations of stomatal precursor stem cells, meristemoid mother cells and meristemoids, have limited self-renewing properties and proliferate without the benefit of a stem cell niche (4) (5) (6) . These stem cells are created through the postembryonic activity of SPEECHLESS (SPCH) in a subset of protodermal cells (7, 8) . SPCH is a control point through which developmental, environmental, and phytohormone signals are integrated (4, 5) . However, no targets of SPCH have been reported, and thus the sphere of its regulatory influence is unknown. Here, we develop a ChIP method optimized for rare developmental regulators and profile the genome-wide binding of SPCH in vivo. In combination with multiple transcriptional response data sets, our ChIP-sequencing (ChIP-seq) data indicate that SPCH programs an entire lineage by promoting fate transitions and asymmetric cell divisions (ACDs). SPCH also modulates the sensitivity of stomatal lineage cells to hormone and peptide/receptor-mediated signaling. Our results suggest how this lineage exhibits considerable autonomy while still coordinating with the overall organ development program.
Like many developmental regulators, SPCH expression is transient and limited to few cells (Fig. 1A) . Standard ChIP assays on SPCH yielded only modest target enrichment (~4-fold, Fig. 1C , blue box), and thus we needed improved ChIP sensitivity for the detection of endogenously weak signals. We hypothesized that if background signals in a ChIP assay could be kept low, increasing the experimental scale would lead to a disproportional increase in signals from targets (true signal) over background (Fig. 1B) . Therefore, performing ChIP at a large scale may achieve high target enrichment even for low-abundance proteins. We tested this hypothesis with ChIPs at three different scales on a spch mutant line bearing a complementing, Myc-tagged SPCH variant driven by its native promoter (SPCHpro:SPCH2-4A-MYC) ( fig. S1 ). The scales represented 4, 8, and 16 times (or 6, 12, and 24 g) the input materials used in a typical Arabidopsis ChIP experiment. ChIP-qPCR (quantitative polymerase chain reaction) assays of SPCH on the promoter of TOO MANY MOUTHS (TMM) showed that scale increase improves target enrichment up to 600-fold at 16x (or a >30-fold increase in enrichment with a 4-fold scale increase) (Fig. 1C, three rightmost (Fig. 1D) . Low background signal is also a genome-wide trend. Using the peak-calling algorithm ChIP-seq Analysis in R (CSAR) (9), we detected peaks with an enrichment score as low as 1.62 at a false discovery rate (FDR) of 1 × 10 −6 , in contrast to other studies whose peaks above threshold scores of 1.85 and 79.6 were detected at FDRs of 0.01 and 0.001, respectively (table S1) (10, 11) . The ability to identify these low-coverage peaks is indicative of the power of signal enrichment. Thus, through MOBE-ChIP-seq, we generated a comprehensive in vivo genome-wide binding map of SPCH.
Using two complementary peak-calling pipelines, we identified 8327 SPCH-bound regions (tables S2 and S3). Seventy percent of the SPCH binding peaks are associated with gene promoters, mostly within 500 base pairs upstream of the transcriptional start site ( Fig. 2A and fig. S3 ). De novo discovery of enriched motifs in the binding peaks identified CDCGTG as the top-scoring motif; this variant of the E-box (CACGTG), to which basic helix-loop-helix (bHLH) proteins typically bind, is enriched at the summit of the SPCH peaks ( Fig. 2B and fig. S4 ).
To focus on loci most likely to respond transcriptionally to SPCH binding, we generated a "high-confidence" subset of peaks that were nonintergenic with enrichment scores ≥10 (table S2) . Among the high-confidence targets, Gene Ontology (GO) terms for genes involved in regulation of transcription, signaling, response to stimulus, and regulation of hormone levels were significantly enriched (Fig. 2E, fig. S5 , and table S4). This suggests that in the initiation of the stomatal lineage, SPCH could act as a mediator of environmental and hormone inputs that are translated into further downstream transcriptional and signaling networks. The enrichment of the GO term "protein targeting to membrane" is interesting given the membrane-associated polarization of stomatal lineage proteins BASL and POLAR during asymmetric divisions (12, 13) .
To correlate SPCH binding with transcriptional responses on a genome-wide scale, we compared the high-confidence SPCH targets to data sets representing genes expressed in response to SPCH induction ( fig. S6 and table S5) and those enriched for genes preferentially expressed in the stomatal lineage (13) (fig. S7 ). Significant enrichment of the SPCH targets was found among genes both up-and down-regulated in response to SPCH induction (27 and 20%, respectively) ( Fig.  2C ) and in plants with excess or no meristemoids (31 and 12%) (Fig. 2D ). By chance, SPCH would be predicted to bind to~4.5% of genes in the data sets (1517 targets out of 33,602 Arabidopsis genes). Overall, these comparisons indicate that nearly a In low background systems: quarter (23%) of the SPCH targets are differentially expressed (table S6) and SPCH may activate or repress a large number of its targets directly. Meristemoid-active stomatal regulators are among the direct SPCH targets (Fig. 2F, fig. S8A , fig. S9 , and table S7). SPCH binds to its own promoter and to the promoter of genes that encode its heterodimeric bHLH partners, ICE1/SCRM and SCRM2 (14) , and induces their expression (Fig. 2,  F and G, and fig. S8A ). Although initial activation of SPCH may not require SPCH protein ( fig. S10) , this positive feedback loop may be an essential part of a bistable switch that converts the initially low and stochastic expression of SPCH into an active SPCH-SCRM heterodimer to drive stomatal lineage fates. SPCH also binds and activates expression of genes encoding the secreted ligand EPF2, the receptor TMM, and the ERECTA family of receptor-like kinases (Fig. 2, F and G, and  fig. S8A ), all of which enforce proper patterning by restricting proliferation in the early stomatal lineage and act upstream of kinases that target SPCH for posttranslational down-regulation (4, (15) (16) (17) . Further, SPCH binds to the promoters and activates expression of BASL and POLAR, which encode polarly localized proteins, suggesting a direct role in regulating the ACD process (Fig. 2, F and G) . SPCH binding is not associated with genes that encode a later expressed stomatal lineage EPF (EPF1), an EPF not expressed in the stomatal lineage (CHALLAH) or the broadly expressed mitogen-activated protein kinase kinase kinase (MAPKKK) YODA (fig. S8B ). Taken together, our ChIP-seq and RNA-seq data reveal the broad and direct roles of SPCH in sustaining a SPCH transcriptional cascade, establishing meristemoid identity and mediating ACDs.
The CDCGTG motif appears in the SPCH-bound regions of stomatal targets like ICE1, TMM, and ERL2. In ICE1, SPCH binds in two peaks centered on the locations of two CDCGTG motifs ( fig. S11) . To test the role of SPCH-binding motifs in ICE1 expression, we generated a reporter bearing point mutations in the two peak-associated motifs (Fig.   2H ) to compare to the WT reporter. Consistent with previous reports (14) , expression of the WT promoter reporter (ICE1pro) was observed in the stomatal lineage; however, the mutant reporter (mICE1pro) was nearly undetectable (Fig. 2H and  fig. S12 ). Similar dependence was seen with the SPCH-up-regulated gene At2g34510, which contains CDCGTG within a strong intronic SPCH binding peak. Deletion of the SPCH binding region abrogated early stomatal lineage-specific expression ( fig. S13 ).
An intriguing meristemoid behavior is the ability to self-renew through ACDs. Beyond requirements for SPCH activity and the polarly localized BASL (Fig. 2F) , however, little is known about the ACD process. Among SPCH targets, ARK3/AtKINUa (Fig. 3A) caught our attention as it encodes a plant-specific kinesin in the preprophase band (18) . In plants, the preprophase band marks the future division plane (19) . Confocal analysis of ARK3pro:ARK3-YFP showed localization to preprophase bands of asymmetrically SCIENCE sciencemag.org 26 dividing meristemoids (Fig. 3B) . Coexpression with SPCHpro:SPCH-CFP indicated that SPCH precedes ARK3, consistent with SPCH activating ARK3 expression (Fig. 3, C to E) . To ascertain its function in the stomatal lineage, we reduced ARK3 expression by driving an artificial microRNA against it with the SPCH promoter (SPCHpro:amiR-ark3). In the cotyledon epidermis of amiR-ark3-expressing plants, we observed clusters of meristemoid-like small cells at 4 days postgermination (dpg) that developed into clusters of stomata at 11 days (Fig.  3, G and I, brackets) . These small cell clusters, which displayed diminished physical asymmetry, appear to arise from misplaced but complete division planes. Notably, cell wall stubs or other evidence of incomplete divisions were not observed. The amiR-ark3 phenotypes resembled those associated with basl mutants (12) and are hallmarks of loss of ACD capacity. Thus, ARK3 appears to be a new player essential for ACD, possibly through regulating preprophase band placement, and establishes a direct link between SPCH and the ACD machinery.
SPCH initiates a lineage with autonomous control over cell division and fate determination. Nonetheless, the stomatal lineage is also coordinated with developmental programs operating across tissues and organs. Phytohormones play critical roles in coordinating development, and recent reports indicate that auxin, brassinosteroid (BR), and abscisic acid regulate stomatal development (20) (21) (22) (23) . BR controls stomatal development through phosphorylation of YODA and SPCH by its central glycogen synthase kinase 3-like kinase, BIN2 (Fig. 4F)  (21, 22) . Among SPCH target categories, BR biosynthetic and response genes show significant enrichment ( fig. S14) . Notably, SPCH binds to the promoters of BIN2 and CPD, which encodes an essential enzyme for BR biosynthesis (Fig. 4, A  and F) , and the absence of CPD results in stomatal overproduction (24) . We tested the effect of SPCH on the expression of BR genes by reverse transcription qPCR (RT-qPCR) in the meristemoidenriched line SPCHpro:SPCH2-4A-YFP (Fig. 4B) .
Consistent with inhibition of BR signaling, we found that BIN2 expression is elevated, whereas CPD is repressed (Fig. 4B) . Supporting BIN2's role in promoting SPCH function, stomatal lineagespecific expression of BIN2-1 led to small cell clusters in cotyledons, similar to those observed upon SPCH overexpression (Fig. 4C) . Thus, our results suggest the presence of feedback by SPCH counteracting BR signaling (Fig. 4F) . SPCH also binds to genes encoding the BR signaling effectors, the BZR1 family of transcription factors (BZR1, BES1/ BZR2, and BEH1 to BEH4), and BIM2, the putative dimeric partner of BES1 (25) (26) (27) . BEH1 to BEH4 and BIM2 were up-regulated in the meristemoidenriched mutant, and BIM2 exhibited stomatal lineage-specific expression (Fig. 4, B and D) . Epidermal expression of bes1-D (26) correlates with an increase in stomatal density, whereas a bes1 RNA interference (RNAi) knockdown line (27) exhibited a trend toward lower stomatal density (Fig. 4E) . This role in promoting stomatal development may be explained through the known repression of the BR biosynthetic genes by the BZR1 family (28) . Thus, SPCH-mediated induction of BIN2 and repression of CPD (either directly or indirectly through the BZR1 family) leads to higher BIN2 activity and derepression of SPCH, promoting accumulation of SPCH in active meristemoids (Fig. 4F) . Overall, this feedback mechanism by SPCH would serve to reinforce differences between SPCH-expressing meristemoids and nonexpressing neighbors, which may be important for local patterning and coordinating the lineage with overall BR-mediated growth controls. Here, we revealed the broad influence of SPCH in stomatal lineage specification through MOBEChIP. This technique, which is based on a simple scale increase, could be widely applicable in other tissues or organisms to obtain high-quality binding information about cell-type-specific regulators. The large number of SPCH-binding regions reported here is reminiscent of the behavior of the bHLH transcription factor MyoD, a master regulator of mammalian myogenesis, which associates with more than 30,000 regions in the human genome and is responsible for resetting global transcriptional and epigenetic states during development (29) . Additional experiments are needed to establish definitively how often and by what mechanisms SPCH binding alters gene expression. However, our data that hundreds of genes, including those mediating abiotic and hormone responses, are directly regulated by SPCH supports previous functional studies (20, 22) that place SPCH in a critical position to integrate physiological and environmental information into a developmental program that optimizes leaf properties (stomatal density and size) for prevailing environments.
The Lower to Middle Paleolithic transition (~400,000 to 200,000 years ago) is marked by technical, behavioral, and anatomical changes among hominin populations throughout Africa and Eurasia. The replacement of bifacial stone tools, such as handaxes, by tools made on flakes detached from Levallois cores documents the most important conceptual shift in stone tool production strategies since the advent of bifacial technology more than one million years earlier and has been argued to result from the expansion of archaic Homo sapiens out of Africa. Our data from Nor Geghi 1, Armenia, record the earliest synchronic use of bifacial and Levallois technology outside Africa and are consistent with the hypothesis that this transition occurred independently within geographically dispersed, technologically precocious hominin populations with a shared technological ancestry.
T he Late Middle Pleistocene [LMP, oxygen isotope stage (OIS) 12/11e to OIS 6/5e,~425 to 130 thousand years ago (ka)] witnessed the evolution of Homo sapiens in Africa and Neandertals in western Eurasia (1, 2) . In Africa, the Early Stone Age (ESA)-Middle Stone Age (MSA) transition is characterized by the slow replacement of bifaces by flakes, points, and blades produced through various hierarchical core reduction strategies, among which Levallois concepts are the most notable (3) (4) (5) (6) . In Western Europe, lithic assemblages from Late Acheulian contexts highlight the asynchronous, geographically discontiguous evolution from bifacial to Levallois technology and the gradual transition from the Lower Paleolithic (LP) to the Middle Paleolithic (MP)~300 to 200 ka (7) (8) (9) . Levantine sites assigned to the Acheulo-Yabrudian (AY,~400 to 200 ka) document non-Levallois methods for the manufacture of blades, broad flakes, and thick scrapers with scalar retouch (Quina) and the gradual disappearance of bifaces (10, 11) . The technological variability apparent in these regions reflects the complex hominin behavioral mosaic in place before the MSA and the MP (12) (Fig. 1) . Within the Southern Caucasus, a region situated between Africa and Europe, this critical period of technological and behavioral evolution remains uncharted and undated (13) .
In bifacial technology (Mode 2), a mass of stone is shaped through the serial removal of interrelated flakes (façonnage) until the remaining volume takes on a desired form, such as a handaxe. This method of stone tool production originated in Africa~1.75 million years ago and spread to Eurasia with the initial Acheulian dispersal <900 ka. In contrast, Levallois technology (Mode 3), a specific hierarchical core reduction strategy, entails the multistage shaping (façonnage) of a mass of stone (core) in preparation to detach a flake of predetermined size and shape from a single preferred surface (débitage) (14, 15) . Flakes resulting from biface production were generally treated as waste, whereas particular flakes detached from a
